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 
Abstract–Gel dosimeters are of increasing interest in the field 
of radiation oncology as the only truly three-dimensional 
integrating radiation dosimeter. There are a range of ferrous-
sulphate and polymer gel dosimeters. To be of use, they must be 
water-equivalent. On their own, this relates to their radiological 
properties as determined by their composition. In the context of 
calibration of gel dosimeters, there is the added complexity of the 
calibration geometry; the presence of containment vessels may 
influence the dose absorbed. Five such methods of calibration 
are modelled here using the Monte Carlo method. It is found 
that the Fricke gel best matches water for most of the calibration 
methods, and that the best calibration method involves the use of 
a large tub into which multiple fields of different dose are 
directed. The least accurate calibration method involves the use 
of a long test tube along which a depth dose curve yields multiple 
calibration points. 
 
Index Terms–Gel dosimeter; water equivalence; calibration 
I. INTRODUCTION 
ELATIVELY new and complex radiotherapy techniques 
such as intensity modulated radiation therapy (IMRT) 
involve zones of high dose gradient, in close proximity to 
organs at risk (OAR). The existence of dose contributions 
from scattered photons necessitates accurate knowledge of 
peripheral doses. Conventional dosimeters such as ionisation 
chambers allow measurement of absolute dose to high 
precision at single spatial locations, though their finite size 
can make resolving high dose gradient regions difficult [1, 2]. 
Following appropriate calibration, film can provide accurate 
dose information in a two dimensional (2D) plane, the spatial 
resolution being constrained only by the grain size and 
resolution of the readout device. However, several difficulties 
can arise with the use of films, such as energy dependence, 
orientation of radiochromic films, processing conditions, film 
density variation and inhomogeneities due to air pockets 
inside the film jacket [3]. Attempts to obtain 3D detail by 
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stacking radiographic films within a phantom [4] are simple 
methods to obtain 3D dose information, but are limited by the 
geometry of the positioning structure and the loss of tissue-
equivalence. 
Gel dosimetry potentially has the capacity to provide true 
3D dose information for validation of complex dose 
distributions. Gels have been of interest in terms of their 
potential for 3D dose information since the 1950s when dye 
was used in gel to study radiation-induced colour changes [5]. 
The ferrous-sulphate (Fricke) solution has been used in 
dosimetry for many decades as a chemical dosimeter [6]; 
widely considered as being reliable, other types of chemical 
dosimeters are often calibrated against a Fricke dosimeter [7]. 
The Fricke solution is an oxygenated aqueous solution of 
ferrous ions, Fe
2+
. When the solution is irradiated, water 
decomposition occurs and subsequent reactions with 
hydrogen peroxide, hydroxyl and hydroperoxy radicals result 
in the conversion of ferrous Fe
2+
 ions to ferric Fe
3+
 ions. The 
ultimate yield of Fe
3+
 ions is dependent on the dose absorbed. 
As a solution no spatial information is provided, however, 
incorporating the Fricke solution into a gel matrix overcomes 
this drawback. Further pathways for the conversion to ferric 
ions exist in this arrangement [8, 9]. In 1984 it was proposed 
that nuclear magnetic resonance (NMR) could be used to 
observe the radiation-induced changes in Fricke gels [10] and 
since then the Fricke gel dosimeter has been widely used.  
Polymer type gels involve radiation induced cross-linking 
of constituent monomers distributed uniformly in a gel matrix 
and may be broadly classified as either hypoxic or normoxic 
gels. Belonging to the former category, the polyacrylamide 
gel (PAG) dosimeter contains acrylamide, N,N’-methylene-
bis-acrylamide, gelatine and water. Basically, it is a hydrogel 
in which monomers are dissolved; polymerisation occurs that 
is dependent on the dose absorbed when subject to 
irradiation. The polymeric structures formed affect water 
molecules, influencing the NMR spin-spin relaxation rate 
(R2), which thus allows three dimensional dose distribution 
maps to be obtained via magnetic resonance imaging [11]. 
This gel has also been widely used for a number of years. 
Various other polymer gel formulations exist; for instance, 
BANG (bis-acrylamide nitrogen gelatine) has been 
commercialised with several formulations, such as BANG-1 
[12] that is made with powdered acrylamide and BANG-2 
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[13] that uses acrylic acid as a monomer with sodium 
hydroxide to alter the pH. Overcoming a significant limitation 
of polymer gels, Fong et al developed a normoxic gel 
dosimeter, MAGIC (methacrylic acid, ascorbic acid in 
gelatine initiated by copper), which does not require an 
oxygen-free environment to be prepared [18]. 
It is not the intention of this work to study the fundamental 
radiological properties of gel dosimeters, on which there 
exists a significant amount of literature, such as [19-22]. 
Rather, this study explicitly models all the aforementioned 
gels in a variety of calibration methods so that they may be 
compared directly and, in terms of water equivalence, the 
optimal arrangement may be unambiguously identified. A 
previous study by the same authors [23] investigated these 
methods with polyacrylamide gel (PAG) only. The present 
study answers the question of the combined influence of gel 
composition and calibration geometry on the dose absorbed. 
The calibration methods studied are: 
 (i) Method A: The ‘small vial’ technique. In this case a 
small vial is position 5 cm deep within a water phantom 
oriented parallel to the beam, irradiated through its base. This 
is done so that the gel is within a region of relatively linear 
dose gradient. 
(ii) Method B: The ‘large flask’ technique. This involves a 
large Perspex tub of gel in air, multiple regions within which 
are then irradiated to varying doses with small fields [12, 24]. 
(iii) Method C: The ‘large perpendicular test tube’ 
technique. This involves a large test tube placed at a depth of 
5 cm below the surface of a water phantom, oriented with its 
axis perpendicular to that of the beam [25, 26]. This allows 
data over the length of the tube to be averaged so as to reduce 
uncertainties. 
(iv) Method D: The ‘short perpendicular test tube’ 
technique. Similar to Method C, this technique uses a shorter, 
narrower test tube [27]. 
 (v) Method E: The ‘long coaxial test tube’ technique. This 
involves a long test tube upright within a water phantom with 
its base at the water surface facing the incident beam. A depth 
dose curve is achieved along its length, providing multiple 
calibration points [28]. 
The water equivalence of the aforementioned gels under 
these conditions is studied here using the Electron Gamma 
Shower (EGSnrc) code developed by the Stanford Linear 
Accelerator Centre (SLAC) and the National Research 
Council of Canada [29]. 
 
II. METHODS 
Overview 
The calibration methods modelled here are radially 
symmetric; hence, the cylindrical geometry DOSRZnrc user 
code for EGSnrc was employed. Simulation times ranged 
between four and sixty hours using a 2.4 GHz AMD Opteron 
dual processor. The dose deposition was modelled for five 
different calibration methods and for five varieties of gel 
dosimeter. Note that although radiation-induced 
polymerisation leads to density changes [30, 31], for the 
purpose of this work it is assumed that such changes do not 
occur during the irradiation. 
Source definition and material composition 
Compositional details and stopping powers for various 
materials are contained in the PEGS4 data sets that are 
available with the standard EGSnrc release. For other 
materials unavailable in the standard PEGS4 data set, these 
were generated from National Institute of Standards and 
Technology (NIST) data [32]. For electrons passing through a 
material with energies above one MeV, the electric fields of 
increasingly distant orbital electrons are felt as a result of 
relativistic effects, causing an increase in the mass collision 
stopping power [33] known as the ‘density effect’. This was 
accounted for by corrections to the stopping power, 
calculated using NIST data, though at the energies used here 
the effect is not significant. 6 MV photon fields are 
commonly used in calibration of gel dosimeters. 
Correspondingly, the models employ the 6 MV photon 
spectrum by Mohan et al [34], using circular beamspots of 
various diameters. 
Geometries 
The vial modelled is a small Pyrex glass vial 55 mm in 
length and 25 mm in diameter with 1 mm thick walls and a 
polyethylene cap. Method A involves this vial at a depth of 
50 mm below the water surface. A 100 mm diameter field is 
incident on the surface of the water, irradiating the vial 
through its base. Modelled on a detailed description given by 
Oldham et al [24], Method B uses a large cylindrical flask 
with a base that is 130 mm in inner diameter with 6 mm wall 
thickness. The total height, including walls, is 57 mm, which 
includes 40 mm of gel and a 5 mm nitrogen gap. The nitrogen 
exists as a result of filling the gel in an oxygen-free 
environment. Models were run both with and without the 
nitrogen gap. Although in practice it may be non-trivial to 
deliver known doses to small fields, performing comparative 
simulations normalises for these effects and the results 
represent the discrepancy due to container and gel effects 
only. Method C involves a Pyrex culture tube, similar in 
construction to the glass vial, with the exception that it has a 
curved base and is 200 mm in length. The test tube is 
simulated 50 mm below the water surface with its axis 
perpendicular to the beam, which is 150 mm in diameter such 
that the beam blankets the test tube. Similarly, Method D 
places a 100 mm long test tube that is 10 mm in diameter in 
the same orientation. The latter case employs a beam of spot 
size 100 mm in diameter. In Method E, the large 20 cm test 
tube is placed coaxial with the beam with the curved base at 
the surface of a large water phantom, irradiated with a 50 mm 
diameter beam. 
 
III. RESULTS 
Presentation of results 
For each method of calibration modelled, difference plots 
are provided that show the ratio of the dose in gel to the dose 
in water; this highlights the discrepancies that are the subject 
of the present study. The plots given are depth dose curves 
and radial plots that show the range of influence of 
inhomogeneities. In each case Fricke is used as the 
representative gel. For comparison to other gel formulations, 
Tables 1 and 2 quantify the discrepancy between calculated 
dose to water and dose to gel. 
Method A: Small vial  
Figure 1 (a) shows the ratio of a depth dose curve in Fricke 
gel to a depth dose curve in water. Figure 1 (b) shows the 
ratio of the radial dose distributions of gel and water at a 
depth corresponding to the mid-point of the vial. This 
indicates that the dose is approximately 1 to 2 percent lower 
with gel as compared with water. The abrupt drop at a depth 
of 5 cm corresponds to the glass base of the vial (which faces 
the oncoming beam). Taking an area of about 80 mm
2
 around 
the centre of the vial at its mid-point and averaging the voxel 
values would yield a value lower than the dose to water by 
0.4 (± 0.2) % for Fricke, the same for PAG, 0.7 (± 0.2) % for 
MAGIC, 0.3 (± 0.2) % for BANG-1 and 0.8 (± 0.2) % for 
BANG-2. 
Method B: Large flask  
Based on the calibration technique outlined by Oldham et 
al [24], we have modelled a large flask with and without a 
nitrogen gap. For greater generality, the results shown here 
correspond to the model with no nitrogen gap (thus filled 
entirely with gel), however other simulations indicate its 
effect (particularly at Dmax) is negligible. Figure 1 (c) shows 
the ratio of depth dose curves in Fricke and in water, 
corresponding to a 2 cm diameter circular field incident on 
the centre of the flask. Figure 1 (d) shows the ratio of the 
radial distributions in Fricke and water at a depth 
corresponding to Dmax. The dose in the build up region is 
several percent higher in the gel than the water, matching to 
within 1 % between depths of 1 and 2 cm. Between 2 cm and 
5 cm the calculated dose in gel matches water within about 2 
%. Taking an area of 80 mm
2
 at Dmax, with a voxel thickness 
of 2 mm, shows the mean dose to Fricke is the same as that to 
water, within an uncertainty of about 0.3 %. For PAG this 
discrepancy is 0.2 (± 0.1) %, for MAGIC it is 0.5 (± 0.2) %, 
for BANG-1 it is 0.1 (± 0.2) % and for BANG-2 there is zero 
discrepancy with an uncertainty of about 0.2 %. 
Method C: Large perpendicular test tube 
Figure 1 (e) shows the ratio of the central axis dose profile 
in Fricke gel and in water alone for a 20 cm long test tube 
oriented perpendicular to the beam with its centre at a depth 
of 5 cm within a water phantom. In this case a radial dose 
profile would not yield useful information. The objective of 
this method is to obtain a large number of points (over the 
length of the tube) so as to average the voxel values and 
reduce uncertainty in the corresponding dose value. Taking 
an area of 13 mm
2
 and averaging the values in this way 
(taking care to avoid the ends of the tube) indicates that the 
dose to Fricke is 0.4 (± 0.1) % lower than the dose to water. 
Similarly, the discrepancy for PAG is 0.7 (± 0.1) %, for 
MAGIC it is 0.9 (± 0.1) %, for BANG-1 it is 0.6 (± 0.1) % 
and for BANG-2 the discrepancy is 0.7 (± 0.1) %. 
Method D: Small perpendicular test tube 
Figure 1 (f) shows the ratio of the central axis dose profile 
in Fricke gel and in water alone for a 10 cm long test tube 
with a diameter of 10 mm, oriented perpendicular to the beam 
with its centre at a depth of 5 cm within a water phantom. 
There is significant statistical noise because of the smaller 
voxel sizes used to define the geometry. Averaging over a 
lateral area of 13 mm
2
 over the length of the tube, the 
difference between dose to Fricke and dose to water is 0.2 (± 
0.2) %. For PAG this discrepancy is 0.4 (± 0.3) %, for 
MAGIC it is 0.3 (± 0.2) %, for BANG-1 it is 0.3 (± 0.1) % 
and for BANG-2 there is zero discrepancy within ± 0.2 %. 
Method E: Long coaxial test tube 
Figure 1 (g) shows the ratio of a depth dose curve in Fricke 
gel to a depth dose curve in water alone for a 20 cm long test 
tube the base of which is at the surface of a water phantom, 
oriented parallel to the beam. The radial dose distribution 
varies with depth and the ratio of the radial dose for Fricke 
and water is thus presented at depths of 5, 10 and 15 cm. 
These are shown in Figures 1 (h), (i) and (j) respectively. 
Choosing an area of 80 mm
2
 around the centre of the test tube 
at each of these depths and average the dose values yields 
multiple calibration points, but ones typically increase in 
disparity with the dose to water, as indicated in Table 2. 
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Figure 1. Shows the ratio of calculated dose to Fricke in various calibration methods with the calculated dose to a water phantom alone. Figure 1 (a) shows 
the ratio of depth dose curves and Figure 1 (b) shows the ratio of radial dose distributions corresponding to Method A: a small vial at a depth of 5 cm. 
Figure 1 (c) shows the ratio of depth dose curves and Figure 1 (d) shows the ratio of radial dose distributions corresponding to Method B: a large flask in 
air. Figure 1 (e) corresponds to Method C, showing the ratio of dose to gel and dose to water along the central axis of a large (200 mm long, 20 mm 
diameter) test tube. Figure 1 (f) corresponds to Method D, showing the ratio of dose to gel and dose to water along the central axis of a small (100 mm 
long, 10 mm diameter) test tube. Figure 1 (g – j) all correspond to Method E, a long test tube coaxial with the beam. The ratio of depth dose curves is 
shown in Figure 1 (g), and the ratio of radial dose distributions are shown in Figures 1 (h), (i) and (j) corresponding to depths of 5, 10 and 15 cm 
respectively. 
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TABLE 1 
DIFFERENCES BETWEEN CALCULATED DOSE TO GEL AND DOSE TO WATER (%) 
Small vial Large test tube Thin test tube Large flask 
(5cm deep in water) (perpendicular to beam) (perpendicular to beam) (coaxial with beam)
PAG 0.4 (± 0.2) 0.7 (± 0.1) 0.4 (± 0.3) 0.2 (± 0.1) 
Fricke 0.4 (± 0.2) 0.4 (± 0.1) 0.2 (± 0.2) 0.0 (± 0.3) 
MAGIC 0.7 (± 0.2) 0.9 (± 0.1) 0.3 (± 0.2) 0.5 (± 0.2) 
BANG 1 0.3 (± 0.2) 0.6 (± 0.1) 0.0 (± 0.2) 0.1 (± 0.2) 
BANG 2 0.8 (± 0.2) 0.7 (± 0.1) 0.1 (± 0.2) 0.0 (± 0.2) 
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IV. DISCUSSION 
It is clear that the majority of calibration methods 
evaluated in the present study, provided they are performed in 
a precise manner, accurately reflect the dose given to water 
within the 1 % confidence limit typically specified. As shown 
in Tables 1 and 2, broadly, the Fricke formulation exhibits the 
least discrepancy with water. 
For most of the calibration methods studied, the influence 
of the container on the dose to gel is small, so long as 
measurements are taken at specific points. The radial dose 
plots indicate that the dose varies laterally. The magnitude of 
the disparity can be influenced by averaging over specific 
volumes determined by knowledge of the radial distributions. 
The small vial technique is sometimes performed so that 
multiple vials are irradiated simultaneously in an array, so as 
to reduce total beam time. The radial plots also indicate the 
closest proximity a neighbouring vial may be placed such that 
the cross-talk is minimised. 
Ranking the methods in terms of increasing disparity, it is 
clear that Method B using a large flask is the optimal 
technique. In terms of set-up, this method is also likely to be 
more straightforward than the other techniques. It is the least 
difficult to position for both irradiation and subsequent 
measurement. All other techniques shown here involve 
vessels of gel submerged in a water phantom, which likely 
involve more complex positioning structures and so forth 
given the necessity for accurate localisation. The next best 
method is the small test tube placed perpendicular to the 
beam at a depth of 5 cm within a water phantom (Method D). 
After this, a small vial, coaxial with the beam, placed 5 cm 
deep within a water phantom where the dose gradient is 
relatively linear (Method A). Exhibiting a slightly greater 
discrepancy is the method involving a large test tube 
perpendicular to the beam at a depth of 5 cm (Method C). 
The technique resulting in doses to gel least close to that of 
water is the method whereby a long test tube is placed at the 
surface of a water phantom coaxial with the beam, such that a 
dose distribution is achieved along its length (Method E). 
 
V. CONCLUSION 
We have employed Monte Carlo radiation transport 
modelling to evaluate the water equivalence of five different 
gel formulations under varying conditions corresponding to 
five different methods of calibration. Generally, Fricke is the 
most water equivalent gel formulation and the ‘large flask’ 
method exhibits the least discrepancies. Of the possible 
combinations, BANG-1 in a thin test tube and BANG-2 or 
Fricke in a large flask appear to be most accurate in terms of 
water equivalence. 
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